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accaI«raclon  - fc./sac.ysac . 
gravitational  acceloratloii  - ft./aec./sac. 
fluid  head  - feet 
spring  constant  - lbs. /ft. 

a paraaecer  such  that  U < oVT  < V + L 

hydraulic  pressure  Iba./sq.  ft. 
regulator  subscript 


velocity  ' ft. /see.;  valve  subserlpt 
specific  veight  ~ Ibe./cu.  ft. 
displaceaeot  - ft. 


specific  osas  - slugs/cu.  ft. 

orificB  dlBChscge  coefficient 


decelecatloR  load  factor 


T closure  tliae  - sec. 

W uaight  of  eopcy  veblcXs  - lbs. 


artl&l  Pulfilljunc  o 


THK  AIIALYSIS  AND  DESimi  OF  SHOCK 
ASSOFBEKS  WITH  CONSTANT  SECEIEUTION 
FOR  VARlAaLE  LOADING 


Hsjor  Depacnent: 


For  B given  lapBcc  velocity  of  s vehicle  ecrlklng  e fixed  eurfece, 

deceleteclon  of  the  vehicle  Irrespective  of  the  loedlng  ec  iapect.  The 


uBing  quadratic  lav  danplng  and  linear  parallel  sprlag  ia  analyzed 
(or  a nueber  of  dealgn  caae  axaplea  of  horlzootal  and  vertical  vehicle 
■ocloo  at  lapacc.  Orifice  area  equatlone  are  developed,  and  diBeoelon- 
lean  plote  veraua  cuahlon  length  end  cloaure  cine  are  preeenced.  An 
autoBatic  orifice  area  regulator  la  Chen  daaigned  to  provide  optlnum 
ehock  abiorber  reapooae  for  all  loading  coodlclona  of  a CreigbC  oar  at 
iBpacc.  The  time  reeponaa  of  the  regulated  orifice  area  la  a nazlsum 


aaxlBua  load.  At  inpacc  It  la  abown  Co  he  approzl- 
ahock  abaorber  cloaure  clBe. 


IUTKODVcnOli 


In  soaie  Induacrlol  applications,  a shock  absorber  Is  used  to  dlS" 
eipate  snd/oc  absorb  the  ansr^  of  a Mvlog  ness  or  vehicle  with  a 

to  provide  a constant  cushion  force  over  Che  full  cuahioo  length  of 
cho  shock  sbaocber  for  only  the  naaieua  weight  and  ispacc  velocity  of 
Che  vehicle.  For  a partially  loaded  vehicle,  Che  cushion  force  will 
have  Che  seee  easisue  value,  but  Che  force  is  no  longer  a constant. 

the  flUDfisHs  deceleration  of  the  vehicle  IncreaBes.  and  thia  Increase 
ia  usually  undsairsble. 

If  chs  full  cushion  length  could  be  utilised  for  ell  vehicle  loed- 
ing  conditions,  a aore  efficient  nhock  ebacrber  could  be  designed  to 
provide  the  optlBuei  response  of  Che  ssse  constant  value  of  ejnclwna  de- 
celeration for  all  variations  of  the  vehicle  load  [13,  14} . 

bettar  responee. 


Cionally 


ANALYSIS 


PtIot^hc*  Sp»clftcatloB« 


Most  producCA  are  dealgoed  to  aatlafy  n nueber  of  requlreeenCa  ai 
to  ieitiol  coat,  per£oniance>  reliability,  nalntenance,  etc.  These 


of  any  serious  deslsn  effort. 

The  parfoniance  spcciflcstiona  for  the  aubsequent  actalyels  smi 
design  of  a vehicle  shock  shsarbet  verc  sol^tcil  so  that  the  shock 
Bbsorbet  would  have  a conatont  deceleration  for  all  loadli^  coudltlons 


cushloD  length  of  Che  shock  absorber  la  also  specified. 

poBBlble  Co  satisfy  all  of  thee.  The  analysis  will  datamlne  if  the 
einultsnaouB  sstlafactlon  of  tha  speclflcatloo  Is  poaalble. 


Geftfcallzed  Atalyaia 


The  analyalB  la  started  by  aseualn^  a ijeneralized  shock  abborber 
that  will  provide  the  desired  cuahlonlhft  df  a vehicle  after  impacc. 


S * SravltaclooaL  a 


vehltrle 
>1  loading 


extem&l  forcing  funccion.  The  euchion  force  F(n,x)  acting  on  the 
Btaa  na  of  thle  generailecd  eyetea  will  be 

f(D,x)  ■ BCDiX)  - D(n,x}  - S(a,x)  (11 


aln.xl  « acceleration  of  na  at  the  dlaplacaaant  x. 

The  cuahion  force  will  then  bo 

F(ii,xl  ■■  naa(n,x)  (2) 

The  kloecic  energy  at  iapact  plua  the  work  done  by  the  forcing 
function  auac  be  equal  to  the  work  abaorbed  or  dinal|iaced  over  the 
cuahion  length  X of  the  ahoch  ahaorber.  Therefore 

+y  B<n.xiax  • y D{n,i)dx  + J"  S(n,x>tlx  (3) 


%DaV^  + y 7<n,xldx  - 0 (a) 

It  la  dealred  to  ainlalro  the  nnxtausi  cuahion  force  for  each  value  of 
the  Diaaa  na  at  iapacc.  Since  na  la  a conatont  ovar  tho  cuahion  length. 


opt  talced 


cuehlna  len^ch  and  indcpeodeoC 


diapLacenianc 


dainj;  a conacant  cushion  forca,  nquacloa  iU)  can  now  be  tneegraccd 
to  obtain  tbe  cuBhlon  force  ee  a function  independent  of  dlnplaccment 
X.  but  ucill  o function  of  the  peranecer  n.  When  the  intenratioo  la 
perfocBied  Ihe  following  equation  is  obtained  for  the  optisilacd  cushion 


liquation  (2)  may  now  be  uaeJ  Co  obtain  the  aquation  for  the  op*!- 
nun  decBleratlon  an  a conntant  ovar  the  ciiahion  length  Independent  of 
tha  dl8piacBBiei>t  ind  the  vehicle  loading.  The  optinuD  deceloracioo  iu 

a - -v'/2X  (7) 

The  equaclona  for  the  optieua  diopiaceeent  x,  time  t and  velocity 


v(t)  . va  - 


(10) 


Ths  QptlBuB  refpous  or  output  of  tho  shock  abeorbor  can  chece- 
fora  ba  daflned  by  any  ona  of  aquatloaa  (6)  through  (11). 

To  obtain  this  outinic.  tha  cushion  force  net  vary  vlth  the  aeas 
nn  as  shown  by  eouatlon  (6) . Therefore,  the  type  of  haaplng  and  paral- 
lel spring  oust  be  selected  with  the  resiriocion  chat  the  sua  of  their 


srled  In  such  a Banner  ae  to  oprlalze  the  cushion  force 
vehicle  loading  condltlone  at  lapact,  lo  addition,  a 
coocrol  will  be  required  to  adjust  the  cushloo  force. 


either  manually  or  by  means  of  a self-contained  regulator. 


The  manuel  or  open  loop  control  (15,  lb)  requires  adjuatmenc,  prior 

also  have  the  dleadveotage  that  the  accuracy  with  which  the  Input  la 
adjusted  detenilnes  the  output.  Shock  abeorbets  vlth  this  type  control 
are  now  evelleble  (13.  14],  but  because  of  the  above  dleedventages  they 
have  very  llmieed  application  end  will  not  be  dlscuased  further. 

For  the  regolator  or  cloaed  loop  type  of  feedback  cootral,  the 
output  of  rbe  shock  absorber  can  be  uaed  to  control  aod  optlnlae  the 
cushion  force  for  ell  vehicle  loading  conditions  at  lapact.  The  block 
diagm  of  such  a control  la  shown  In  Figure  2, 


Fleure  Gen^rsTHe^  Feedback  C0ntrol. 


PiKure  3.  Slnpliflcd  Feedback  Coetcol. 

lAce  car.ponenta  Af  cite  feedback  control  vlll  be  IdeotlCled. 


fasten  Analygls 


SaXection  q. 


daciBioDfi  are  tbuCc  B\id  liiveetXgated. 

of  an  Inrooipreaelble  fluid  flowing  througb  otiflcos.  Tlile  tfpe  of 
Heaping  norrieUy  uses  c cylinder  with  n plscon  of  conecanc  sroe.  An 

• enr.tik,  Xr  ueoH  to  control  the  Jsar'fng  force.  Tbe  Heaping  force  alei< 

aey  or  any  nnt  be  o function  of  the  mess  end  plotoo  dleplec'naent  or 
ti»!S  after  InparC.  In  any  rape  an  eriitecloc  determining  the  orifice 
area  will  be  reriuired  for  the  ilepign  of  the  zegcilator.  Thia  equation 

Proa  Lhe  continuity  equation,  Che  quantity  of  on  iacoapreBPiblc 

through  an  orifice  area  0(n,ii>  and  a dlacharge  coefClctent  G , . for 


(175 


' s(^)- 


The  decelerotlon  can  be  defined  aa  4 - hg  where  H la  Che  decelececlon 


(18, 


reeponae  ettueclona  for  the  ocltice  area  are  given  by 


OCn.a) 


01...)  . *1*  - ■«>  ■=» 

X,  Che  orifice  area  vaciee  inveraely  as  Che  maea.  with  a BaxioruB  value 


greater  clean  one, so  0(n,Q)  will  alwayfl  be  lead  Chan  0(1, o}.  This  neana 
Chat  Che  ropey  weight  of  Che  vehicle  suaC  be  used  Co  deterxine  the 
absolute  naximia  orifice  area  required  for  Che  design  of  Che  shock 
abaorber.  This  represente  a contradiction  Co  the  present  noroel  design 


The  cushlen  force  will  he  opcteleed  for  ooy  value 
equation  fl9)  or  equation  {20}  is  eaclsfled.  Fro 
J9  Been  ctiac  Che  orifice  area  suet  he  a verlahle 


abeorher  orifice  area  nay  Chen  he  uaed  aa  Che  regulated  variahle  of 
Che  regulocor  or  fecdhack  cype  of  coocrol  ehovn  in  Plgurea  2 and  3. 

A linear  epring  with  or  wlchouc  a preload  la  now  eelecced  for  the 


Bine  Che  elate  and  dlaplacaenc  reeponae  of  Che  regulaced  variable  chac 
will  he  required  Cor  opclaoiei  control  of  che  ahock  ahaorher  cuahlon 
force.  Since  che  required  reaponae  vUl  very  with  each  deaign,  Che 


now  be  pceaencad. 


of  apeclfic 


Prrlialnary  P— Ija  tx—pl— 


Borlgontal  Motloa 

and  the  -shack  absorber  has  no  spring.  Accordlogly 


S(o.x)  • 0 

Equsclon  (20)  hecomes 


0(1.0).  i j 1(22) 

n equation  t(19)  la  divided  by  equation  1(21),  Che  equacion  Cor  Che 


n equation  1(20)  la  divided  by  equation  1(21).  the  equacion  fot  Che 
e response  of  Che  orifice  area  Is  obcatoad. 

O(n.e)  • (1  - t/T)  1(24) 

0(n,o) 

; last  two  equaclonR  are  dinetiaionleas . Ihey  are  ploCCed  In  Plgurea 


Figure  5.  Dlnenslonlesa  ploC  of  orifice  area  veraua  velocity  for  daaign 


Case  II.  No  OKteroel  Eorco  la  acting  In  cha  d' 

The  parallel  spring  la  linear  and  has  a spring  conacanc  k vlch  m 

E!n.»)  • 0 

S{n,x)  - ka.  vhere  k • NW/X 

Equation  (19) 


Equation  (30)  becosioa 
O(n.t)  - i 


Cjl  W j n - (C/T)(2  - C/T)  ^ 


over  Che  cunhlon  length  when  n <•  1.  Therefore 

0(1,0)  - i II(2i) 
When  equacloo  11(19)  la  divided  by  equation  11(21),  Che  equation  Cor 
Che  dlsplacenenc  response  oC  tho  orifice  area  la  obtained. 


aclon  11(20]  is  divided  by 

r response  oC  the  orifice  si 

0{n!o)  ■ l^n  - {t/T)(!  - c/T)J 


n equation  11(20)  la  divided  by  equation  11(21) , Che  equation  Cor 
time  response  of  the  orifice  area  Is  obcalhed. 


o equatioila  are  dimensionless.  They  are  plotted  ii 


Figures 
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velocity  for  dealgn 


"tfsg^ftnr]' 


sa  * 


Dlaenstcnless  plot  of  oilflCB 


dlBpIac«&ftoc  dsclgn 
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figure  9.  niiaanslonLcss  ploL  of  orifice  area  varaua  velocity  dealgn 


21 


■ \ 


Fl^itre  II.  UJ»cculonlc«fi  pliit  of  orifice  arro  verauu  velocity 
design  example.  Case  IV. 


«■■•>■  4 [tr.S'“vr-i]'  '<“> 

nm 


O(n.A-)  . r n(»  > 1)  - 1 1^,,  ,,„ls 

o’tn.o)'  [n(«  * 1)  - 1 - [l(x/aj 

ifei!  ■ 


Flr.uip  12.  plflC  nf  orifice  dro£  verauo  dlepleceaeoc 


Flaure  13.  Dlftclialonl  esa  plol  Eoi  orifica  area  veraua  valoclcy  for 
•leaiga  oaaaifjJa.  Caaa  V. 


vehicle  ifvlghc.  The 


abeurber  has  a llaear  parallel  spriug  of  spring  conacsnc  h.  The  spring 
has  a sprang  vslgbt  preload. 

PCn.n)  - nW 

S(n,x>  » nW  + ka.  where  h ■=  KU/X 


"'■•■I  ■ 4 - i/ilf"  - 


VI<21) 


Again,  the  spring  coasCanc  was  selected  Co  teaks  the  orifice  ares  a con- 
slant  over  ctie  cushion  length  when  □ > 1.  Therefore, 


.en  eguotloii  VIC19)  is  divided  by  eqnscion  VI(21),  Che  eqtiscion  ft 
« dlsp.l aceieent  rssponaa  of  the  orifice  are-n  is  obtained. 

VU2. 

len  equstlon  VU2U)  la  dlvldetl  by  equation  VI(21),  the  equation  ft 


hOMii  ■["  - (tTT)(2  - t/Tlj 
o last  two  inpiutluns  are  IdenClrel  CO  ebuae  of  Case  1 
n or  the  coshiun  length,  <v  » 0) , is  now  referenced  ti 
load  location,  rhe  ainlsim  piecon  travel  Is  equal 
e equariona  ere  plocced  In  Pigurea  Id  and  17. 


riRure  16.  DlipertHinTilviiB  plot  of  orifice  area  veraii.T  dlapla 
wept  for  duRtRn  example.  Case  ri. 


flyiiig  I’.  niiacnteltvvUhN  plet  of  orifive  ares  vorsu*  volo- 
alttf  tor  •’-vijtn  etcaMpli.'.  Cftfr*  VI 


HBSION 


I sliorlc  4b60cbGr  will  nov  be  dcpigned  for  a freigbc  car  which 


V - 15  fpa 


k - 0.5W/X 

SCn.x)  - [Q.l  + 0.5»/X)W 


Fro™  W and  L it  ie  aean  thct  n c-n  vary  between  1 and  The  -nt- 
tacnal  parallel  aorin^^  Kao  a pcalo.ld  of  O.IW-  From  cquatlen  (5)  '.ha 
rleaare  Line  fa  nbCnlned  ob 


Using  eewatjort  (6)  and  A e f/p  the  shock  ahs.trbcr  piston  area  ia 
A - ,625  eg.  ft. 

Pron  equation  (IB) 


no  eatravpad  air  nap  be  considered  in- 


Coneatclal  hydraulic  fluida  with 


therefore  be  coosldored  Imcoaptreilble  for  tiil«  deelgn.  Since  the 
deslsn  it  siuIUr  tn  (le»I*ii  ojnmple  Cose  III,  iquatlonB  IIH21)  end 


wtilch  i«  now  detenslneO  to  he  Q 


uo  in  Otl,o]>  After  InpacL  e finite 
tv.e  orifice  area  to  be  rcftulat^  to 
Line  Lntorvol  1«  a deelBn  detlsio' 
second  or  6X  of  the  oloaure  time, 
cluage  of  Che  regulated  variable 


O(l.o)  ^OCd.ol 


dtO<t,o)|/dc  - 0.95  en-  (c./acc. 

Alt  firacticol  designs  nrovlde  for  the  Icakago  araa  \iLat  the  pi.toi 
by  Increrising  the  \'iiohlon  length.  )f  the  cushion  lciii;Ch  is  increo^ect  b' 
lOX,  the  cnssiniim  slupo  of  rttc  cine  reoptinse  curves  of  Figurea  5 Co  17 


test  change  in  the  regulated  variable  ia  duteminei  fi 

pact  ulll  therefore  bo  used  for  this  ileeign  applioacloti. 

Ttio  shock  abflorher  regulator  will  now  be  designed.  The  opciatutn 
velocity  of  equation  (il)  will  be  used  as  Che  coocroiled  output.  A 
velocity  aooeicivc  piston  type  hyocaullc  actuator  with  a reforence 
spring  force  con  elicit  he  used  to  regulate  the  variable  orifice  of  a 


Thff  block  dliisroa  of  cniM  cLoscil  loop  cype  of  TegulApoc 


Spring  Actopclng  - 


Concroll*  : 
Totoctly  . 


A slBpH.flrd  drnwing  o]  tho  thocV  obgorbor  sod  regulator  li  ahovr. 

loo  lensOt,  closure  line,  dleploceneoC  and  velocity. 

Hxuaple  Caoe  I ran  be  used  tu  design  the  regulator  piston  presaurt 
to  be  a eonstent  uben  cho  plecon  velocity  eatlafiea  equation  (11).  An 
unregulated  variable  orifice  nay  rben  be  used  for  Che  design  of  Che 
regulator  cylinder  and  piacon.  This  variable  orifice  will  be  designed 
for  a 1 .75  Inch  dlanecer  piston  and  an  optinun  hydraulic  pressure  of 
I.OOQ  pat,  The  area  (ff  the  regulator  piston  la 


0,(0)  ..  0.!3n2  aq.  la. 

Snail  holes  nay  be  drilled  in  ihe  well  of  the  regulator  cyltndnr-  The 
leakage  arcs  peat  Ihe  regulator  piston  plus  Cha  nun  of  Che  area  of  the 
drilled  IioIum  ahoiild  equal  0,f.j)  , The  dletrlaution  of  the  orifice  area 
along  the  rushioii  Ivnglh  of  the  regulator  cylinder  la  detemlned  frosi 
oquatlon  1(71)  to  be 


.•■Utir 


r«gu  Ueur 


cuahloii 


of  nNV  Is  deccnilnsd  frm  equalcon  <1?^. 
Since  Uin  Inftlsl  ortllce  nreo  Is  Otl.oJ.  the  cushion  force  et  Inrecc 
is  90.000  Ihs.  For  Crte  folly  losdod  vehiolo  the  force  should  'nc:es>  - 


to  270.000  Il>5t,  diirinp,  t!‘c  first  6.02  sec.  after  itipsct.  This 
will  bo  sssxBi>o.I  TO  bo  ilneor.  flewton's  luv  is  now  used  to  det 
the  piston  dispLseSfaenc  as  0.296  ft.  end  the  piston  velocity  e 

optinnm  velocity  of  equation  (11).  Fquocioo  (11)  Is  now  used 
nine  chat  the  rcyulacov  cylinder  pressure  hes  increased  from  I 


Tho  spool  valve  will,  be  dosiqnad  to  roKUlste  Che  orifice  area  oa  a 

of  0.785  in.^*,  s closure  distance  nf  0.3123  in.  and  n uelgbc  of  appeox'- 


ptoxientely  5 lbs. 


e<iuacicn  for  tho  requited  valve  ilisploccnonC  will  be 


Thcreforn,  the  toquired  liee  ceaponse  ac  icpact  of  the  resulfttod 
orifice  cun  be  obesined  usinp  a sptlnp  losded  spool  valve. 


Thi'  ritBuiitoi  valve  aprlnn  vonstanc  and  piston  area  nan  be  veod  to 
detcrBlnv  tliai  eliortly  after  iep.ivt  clio  tejulatM  orifice  area  will  I.e 
opcieuB  vhen  bnih  -iir  re*ul3tat  ami  tile  aboea  absotbor  cylliuler  | -aa- 

JJteil  orifice  at  tie  end  el'  the  cushloo  stroke,  bocb  preiiiures  will  be 
1I.5X  abrva  epllnun.  The  correapendioft  increase  in  the  cushion  force 
and  the  decoleracion  will  be  I.SJX  and  2,14)!  over  optlDira.  Ilia  shock 
absorher  response  will  be  sstisfacrory  if  the  above  change  in  decelera- 
tion is  approsinetely  iioaar  during  the  closure  tine.  The  final  dsBien 
ef  Che  valve  tausc  therefore  consider  insCabillryi  freQuency  response, 
fricHon  and  any  Inliercnc  dsmplo*. 


SUMXAflY 


DISCI'SSION 


Iliad  detlga  efficiency  Iv4s  a conaUnc  oiaslicua  deceloretlon  of  vV2X 
and  a velocity  which  le  a linear  function  of  the  cloeure  elite.  To  ob- 


■hoch  abeorbe. 
e derived  aa 


tion  or  control  of  tho  orifice  aree  of  a Iiydtaullc  t, 
la  required.  Eeuatlone  for  the  te^tnlated  orifice  ar' 
fund  lone  of  time  and  of  dlsplacouent  after  lapact.  At  iapaci,  the 
required  orifice  uren  varlea  Invoreoly  ae  Che  vehicle  oiaae. 

A cloaeil  loop  type  of  feedback  control  ie  uaed  for  aelf-reguLatlon 

optimum  velocity.  A railroad  freight  car  shock  obaorbar  with  ealf-rcg- 
iilatlon  of  a velve  lype  orifice  wae  Imestlgaced.  After  impact,  a max- 
ImuiB  of  6?  of  the  opliluti  cloaare  time  was  ceqiilrnd  Co  adjuet  the  ori- 
fice area-  Thit  r irae  response  uf  the  regulated  orifice  ehuuld  be  aua- 

Tbe  opclBlut  decvlecaCion  cuuld  flleo  be  uaed  aa  the  controlled  out- 
put of  cbe  aelf-regulecor.  The  actual  ccslgn  of  the  aelf-cegula'.or  will 

eponaa  to  obtain  a mlnlimuii  vatlatioo  of  the  eoi 
absorber  reeponee. 
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